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Abstract: Empirical results are presented for a novel hexa-band coplanar waveguide (CPW)-fed antenna that consists of
three asymmetric fork-shaped radiating elements incorporating U-shaped radiators with a slit. Each of the three
branched radiators generates triple resonant frequencies within the L, S, C and X bands. U-shaped elements with a slit
contribute toward generating resonant frequencies at lower band of the antenna. The asymmetrical fork-shaped
elements enhance the impedance matching properties of the antenna and reduce its stopband. The proposed antenna
design resonates at 1.3, 1.75, 3.35, 4.85, 6.5 and 7.6 GHz that covers the following wireless communications standards:
global system for mobile communications (GSM) (880–960 MHz), digital cellular system (DCS) (1.71–1.88 GHz), personal
communication system (PCS) (1.85–1.99 GHz), Bluetooth (2.402–2.480 GHz), wireless local area network (2.4/5.2/5.8
GHz), worldwide interoperability for microwave access (2.3–2.4/2.496–2.690/3.3–3.8 GHz), wireless fidelity (2.412–2.4835/
4.9–5.9 GHz). A prototype hexa-band antenna was fabricated and tested. The measured results conform to the
simulated ones. The proposed antenna essentially radiates omnidirectionally in both the E and H planes with a peak
gain of 5.27 dBi and efficiency of 81.3% at 4.85 GHz. The antenna has dimensions of 35 × 26 mm2. The antenna is an
excellent candidate for multiband and broadband communication applications.1 Introduction
Multiband wireless communication systems are becoming more
and more widespread enabling access through diverse networks
and global roaming. Hence there is a need for compact and
low-proﬁle antennas with multiband characteristics that can be
easily integrated within portable devices. Numerous triple band
antennas have been reported for applications in worldwide
interoperability for microwave access (WiMAX)/wireless local
area network (WLAN) using various techniques such as defected
ground-plane [1]; fork-shaped radiators with an underside dual
L-shaped parasitic plane [2]; a square slot with symmetrical
L-strip [3]; circular ring with a Y-shaped strip and defected
ground-plane [4]; metamaterial structure based on T-junction
discontinuity [5]; rectangular slot loaded with T-shaped slots [6];
and Koch fractals [7]. These antennas do not operate at 1.9 GHz
PCS band and 3.8 GHz C-band. In [8], a trident shape CPW-fed
antenna is proposed; however, the antenna does not operate at
3.5 GHz WiMAX band and at 3.8 GHz C-band. To the authors’
knowledge, most of the recent work reported to date on printed
multiband antennas essentially cover WiMAX and WLAN bands
or cover one of these bands in addition to other frequency bands
such as PCS.
Most wireless systems are now required to provide operating
bands wide enough to support several communication standards.
In this paper, a hexa-band fork-shaped antenna is proposed that
is capable of operating at GSM (824–894/880–960 MHz), DCS
(1.71–1.88 GHz), PCS (1.85–1.99 GHz), Bluetooth (2.402–
2.480 GHz), WLAN (2.4/5.2/5.8 GHz), WiMAX (2.3–2.4/2.496–
2.690/3.3–3.8 GHz) and wireless ﬁdelity (WiFi) (2.412–2.4835/
4.9–5.9 GHz). The antenna radiates essentially omnidirectionally
in both E- and H-planes with high gain and efﬁciency
characteristics.2 Design procedure
The conﬁguration of the proposed antenna is shown in Fig. 1. The
antenna is printed on an FR4 substrate with relative permittivity ɛr
= 4.4 and thickness h = 1.6 mm, and is fed through a coplanar
waveguide transmission-line with 50 Ω impedance. The substrate
size is 35 × 26 mm2.
The evolution stages taken to develop the proposed antenna
design are presented in Fig. 2. The basic structure of the
fork-shaped element antenna comprises three branches and a
U-shaped element. It is evident from the current distribution over
the antenna structure in Fig. 3 that the symmetric forks of each
radiating arm are sufﬁciently separated from each other to prevent
adverse interaction that would otherwise degrade the antenna’s
characteristics. The presence of the three resonance paths, each of
which is approximately one quarter-wavelength, generates three
resonant bands at 2, 5 and 8 GHz. The measured
reﬂection-coefﬁcient response of the structure in Fig. 4 shows the
basic structure resonates in three bands centred at 2, 5 and 8 GHz
with reﬂection-coefﬁcient better than −10 dB. The results show
close agreement is obtained between the simulated and measured
results.
A slit created in the U-shaped element of Arm #1 of antenna-B
concentrates the current around it, as shown in Fig. 5a, and divides
the lowest band into two separate bands, thus creating another
resonant band at 1.5 GHz. The length of the slit is LS = lg/2. The
simulated and measured reﬂection-coefﬁcient response of the
antenna-B is shown in Fig. 5b. The proposed antenna resonates at
1.5 (new), 1.9, 4.85 and 7.8 GHz. The simulation and measured
results given in Fig. 5b show good correlation.
By inserting a slit in the U-shaped strip of Arms #2 and #3,
antennas C and D are created as shown in Figs. 2c and 2d. As
before the slit concentrates the current on the U-strip, as shown in471
Fig. 1 CPW-fed monopole hexa-band antenna
a Top view of the proposed antenna
b Fabricated antenna
Fig. 2 Design evolution of the proposed hexa-band antenna
a Antenna-A
b Antenna-B
c Antenna-C
d Antenna-D
e Antenna-E
f Antenna-F
g Antenna-G
h Antenna-H
i Antenna-I
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Fig. 3 Current distributions over antenna-A at
a 2 GHz
b 5 GHz
c 8 GHz
Fig. 4 Simulated (solid-line) and measured (dashed-line)
reﬂection-coefﬁcient response of antenna-A shown in Fig. 2aFigs. 6a and 6b, and divides the second and third bands into two,
thus creating a new resonant band in antenna C at 3.5 GHz and in
antenna D at 6.7 GHz, as shown in Figs. 6c and 6d. This approachFig. 5 Slit created in the U-shaped element of Arm #1 of antenna-B concentrate
a Current distribution over antenna-B at stopband of 1.8 GHz
b Simulated (solid-line) and measured (dashed-line) reﬂection-coefﬁcient response of antenna
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The length of the slit is LS = lg/2.
The simulated and measured reﬂection-coefﬁcients of antennas C
and D, as shown in Figs. 6c and 6d, reveal that antenna-C resonates
at 1.8, 3.5 (new), 4.9 and 7.95 GHz; and antenna-D resonates at 1.85,
4.95, 6.7 (new) and 7.9 GHz. Bandwidth (BW) and resonant
frequency of the two antennas show close agreement between
simulation and measured results.
By applying slits to all three arms of the antenna creates
antenna-E. This antenna resonates at 1.3 (new), 1.75, 3.35 (new),
4.85, 6.5 (new) and 7.6 GHz, as shown in Fig. 7. From this ﬁgure,
it is apparent there is close agreement with simulated and
measured results. The discrepancy observed between the simulated
and measured results at the lower and upper ends of the frequency
range of around 250 and 500 MHz, respectively, is attributed to a
number of factors, in particular, the non-uniform current
distribution over the antenna, the idealisations in the theoretical
models such as perfect feed port, unwanted coupling with the
subminiature version A (SMA) connector and manufacturing
tolerance. This antenna operates between 700 MHz and 11.35
GHz, and has a fractional BW of 176.76%, which encompasses
the following communications standards: GSM, DCS, PCS,
Bluetooth, WLAN, WiMAX, WiFi along with the major parts of
the C and X bands.s the current around it
-B
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Fig. 6 Slit concentrates the current on the U-strip
a, b Current distribution over antennas C and D at stopbands of 4 and 7 GHz, respectively
c, d Simulated (solid-line) and measured (dashed-line) reﬂection-coefﬁcient response of antennas C and DBy making the branches of the fork asymmetrical, as shown in
Figs. 2f–h, affects the centre frequencies of the stopbands. By
reducing the length of the right-hand stub decreases the centre
frequency of the stopband, and it improves the antenna’s
impedance match (better than −20 dB). This is due to the creation
of a new current path between the feed point and the asymmetrical
stubs. Figs. 8a–c show the current distribution over antennas F, G
and H at 1.5, 3.5 and 6.7 GHz, respectively. As can be observed,
the stubs with asymmetrical forks have different resonance paths
from feed point to end of the arm.
The simulated and measured reﬂection-coefﬁcients of the
proposed antennas F, G and H are shown in Figs. 8d–f. Each ofFig. 7 Simulated (solid-line) and measured (dashed-line)
reﬂection-coefﬁcient response the antenna-E
474these antennas generates quad band resonances, which is similar to
antennas B, C and D, respectively, but with better impedance
matching and smaller stopbands. Close agreement between the
simulated and measured results is observed.
The antenna-I, as shown in Fig. 1, comprising identical arms with
slits where each arm consists of asymmetrical forks was fabricated.
The antenna was excited through 50 Ω coplanar waveguide
transmission-line. The simulated and measured
reﬂection-coefﬁcient of the antenna, in Fig. 9a, shows that it
resonates at six distinct frequencies as antenna-E but with better
impedance matching (<−20 dB) and smaller stopbands. The
antenna’s radiation characteristics across the whole ultra-wideband
frequency band were also investigated. Fig. 9b shows the
measured E-plane and H-plane radiation patterns at 1.3, 1.75, 3.35,
4.85, 6.5 and 7.6 GHz. It can be observed the measured radiation
patterns are omnidirectional at these frequencies.3 Antenna performance
The measured reﬂection-coefﬁcients for antennas A–I are shown in
Figs. 4, 5b, 6c, 6d, 7, 8d–f and 9a. It is evident from these results
good hexa-band performance is exhibited by antenna-I. The
presence of the slits and asymmetrical forks in the antenna
creates additional resonance frequencies and improves its
impedance match and stopband. The proposed structure excites
six resonances at 1.3, 1.75, 3.35, 4.85, 6.5 and 7.6 GHz, as
shown in Fig. 9a, to cover major parts of GSM, L, S, C and X
bands. The lower passband resonated at 1.3 GHz has an
impedance BW of 800 MHz (0.7–1.5 GHz) with a fractional BW
of 72.72%. The second passband resonated at 1.75 GHz has an
impedance BW of 1100 MHz (1.6–2.7 GHz) with return-lossIET Microw. Antennas Propag., 2016, Vol. 10, Iss. 5, pp. 471–478
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Fig. 8 Current distribution over antennas F, G and H, with asymmetrical stubs at
a 1.5
b 3.5 GHz
c 6.7 GHz, respectively
d–f Simulated (solid-line) and measured (dashed-line) reﬂection-coefﬁcient responses of antennas F, G and Hbetter than 15 dB, and operates at GSM (upper), DCS, PCS, WiFi
(lower), Bluetooth, WiMAX (lower) and WLAN (2.4–2.484 GHz).
The third passband resonated at 3.35 GHz with the BW of 1.75
GHz (2.85–4.6 GHz) covers the WiMAX (upper) band. The
fourth, ﬁfth and sixth passbands with BWs of 1.35 GHz (4.65–6
GHz) resonated at 4.85 GHz, 0.95 GHz (6.25–7.2 GHz) resonated
at 6.5 GHz and 4 GHz (7.35–11.35 GHz) resonated at 7.6 GHz,
cover WiFi (upper) band and major part of C and X bands.
Table 1 lists the impedance BW, passband and stopband of
antenna-I. The measured radiation patterns of the E and H planes
of antenna-I are shown in Fig. 9b. The radiation patterns for both
the E and H planes are omnidirectional at all frequencies of interest.
Comparison between the proposed antenna and the previous
works reported in the literature is shown in Table 2. This table
compares the number of separated bands, the communications
standards covered and the dimensions of the antennas. It shows
the proposed antenna can cover the following bands: GSM (880–
960 MHz/1.85–1.99 GHz), DCS (1.71–1.88 GHz), PCS (1.71–
1.99 GHz), Bluetooth (2.402–2.480 GHz), WLAN (2.4/5.2/5.8IET Microw. Antennas Propag., 2016, Vol. 10, Iss. 5, pp. 471–478
& The Institution of Engineering and Technology 2016GHz), WiMAX (2.3–2.4/2.496–2.690/3.3–3.8 GHz), WiFi (2.412–
2.4835/4.9–5.9 GHz) along with the major parts of the C and X
bands. The antenna provides signiﬁcantly greater coverage than
other antennas reported in [3, 4, 8, 9]. Dimensions of the proposed
antenna are comparable with other antennas.4 Parametric study
This section describes the effect of the slit and stub lengths on the
antenna performance.
4.1 Effect of slit length (LS) and width (WS)
The E- and H-plane radiation patterns of the proposed antenna for
various slit lengths and widths are plotted in Figs. 10a and 10b.
This ﬁgure shows by increasing the slit dimensions the radiation
patterns become more omnidirectional. The radiation gain and
efﬁciency response for various slit dimensions are plotted in475
Fig. 9 Antenna-I (desired structure) performances
a Simulated (solid-line) and measured (dashed-line) reﬂection-coefﬁcient response
b Measured E-plane (dashed-line) and H-plane (solid-line) radiation patterns at the resonance frequenciesFigs. 11a and 11b. The gain and radiation efﬁciencies vary with slit
dimensions (LS and WS). Optimum gain and efﬁciency are obtained
for LS = 9 mm and WS = 0.6 mm. The peak gain is 5.27 dBi and
corresponding efﬁciency is 81.3% at 4.85 GHz. The gain and
radiation efﬁciencies for various slit lengths and widths
corresponding to various resonance frequencies are given in Table 3.Table 1 Impedance BW of antenna-I (frN: resonance frequency of band N)
Total impedance BW 0.7–11.35 GHz (176.76%)
Passband #1 0.7–1.5 GHz (72.72%), fr1 = 1.3 GHz
Stopband #1 1.51–1.59 GHz
Passband #2 1.6–2.7 GHz (51.16%), fr2 = 1.75 GHz
Stopband #2 2.71–2.84 GHz
Passband #3 2.85–4.6 GHz (46.97%), fr3 = 3.35 GHz
Stopband #3 4.61–4.64 GHz
Passband #4 4.65–6 GHz (25.35%), fr4 = 4.85 GHz
Stopband #4 6.01–6.24 GHz
Passband #5 6.25–7.2 GHz (14.12%), fr5 = 6.5 GHz
Stopband #5 7.21–7.34 GHz
Passband #6 7.35–11.35 GHz (42.78%), fr6 = 7.6 GHz
4764.2 Effect of length of fork stubs
Fig. 12 shows the effect using asymmetric stubs for antenna-I. This
ﬁgure shows that if the difference (Δ) between the lengths of the left
(LLS) and right (LRS) stubs, in Fig. 1a, are zero, i.e. symmetrical
stubs, the antenna resonates as antenna-E (Fig. 7) with same
stopbands. By increasing Δ to 2.5 mm, the stopbands reduce and
the impedance match improves. By using Δ = 5 mm, the stopbands
reduce further compared with Δ = 2.5 mm, and the impedance
match (reﬂection-coefﬁcient) improves to −25 dB at the six
frequency stopbands.
The above results show antenna-I with slits and asymmetrical stubs
create hexa-band that cover major parts of GSM, L, S, C and X bands
with six resonance frequencies at 1.3, 1.75, 3.35, 4.85, 6.5 and 7.6
GHz. The optimal antenna dimensions are listed in Table 4.5 Conclusion
A compact antenna comprising three asymmetrical branched fork
with U-shaped strips is shown to exhibit hexa-band characteristics.IET Microw. Antennas Propag., 2016, Vol. 10, Iss. 5, pp. 471–478
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Table 2 Charactersitics of the proposed antenna in comparison with recent works
Multiband antennas Proposed antenna-I [3] [4] [5] [6] [7] [8] [9]
Number of separated bands 6 3 3 3 4 3 2 2
coverage bands C-band √ — — — — — — √
X-band √ — — — — — — —
WiMAX √ √ — — √ √ — —
Bluetooth √ — — — — √ — —
WLAN √ √ — — √ — √ √
WiFi √ — √ √ √ √ — —
PCS √ — — — — — √ —
DCS √ — √ √ — — — —
GSM √ — — — — — — —
maximum gain, dBi 5.3 3.06 2.57 3.6 5.0 6.7 5.5 5.2
dimensions, mm2 35 × 26 32 × 28 25 × 38 20 × 20 44 × 56 50 × 50 54 × 52 32.5 × 25
Fig. 10 Effect of slit length (LS) and width (WS)
a, b E-plane (dashed line) and H-plane (solid line) radiation patterns of the proposed antenna as a function of slit length (LS) and width (WS). By increasing the slit dimensions the
radiation patterns improve
IET Microw. Antennas Propag., 2016, Vol. 10, Iss. 5, pp. 471–478
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Fig. 11 Antenna radiation gain and efﬁciency response for various slit
dimensions
a Antenna gain response for LS = 3 mm and WS = 0.2 mm (□-line, simulated), LS = 6
mm and WS = 0.4 mm (O-line, simulated) and LS = 9 mm and WS = 0.6 mm (*-line,
measured)
b Radiation efﬁciency response for LS = 3 mm andWS = 0.2 mm (□-line, simulated), LS
= 6 mm and WS = 0.4 mm (O-line, simulated) and LS = 9 mm and WS = 0.6 mm (*-line,
measured)
Table 3 Radiation gain and efficiency of antenna-I for various
magnitudes of LS and WS (in millimetres)
Resonant
frequency,
GHz
1.3 1.75 3.35 4.85 6.5 7.6
LS = 3 mm WS
= 0.2 mm
(simulated)
0.28
dBi/
12.1%
0.59
dBi/
22.2%
1.15
dBi/
31.4%
2.3
dBi/
42.5%
1.73
dBi/
37.1%
1.32
dBi/
33.6%
LS = 6 mm WS
= 0.4 mm
(simulated)
1.1
dBi/
16.6%
1.55
dBi/
28.7%
2.24
dBi/
44.3%
3.62
dBi/
56.3%
3.12
dBi/
45.3%
2.73
dBi/
40.8%
LS = 9 mm WS
= 0.6 mm
(measured)
2.1
dBi/
25.3%
2.6
dBi/
44.5%
3.38
dBi/
67.5%
5.27
dBi/
81.3%
4.74
dBi/
76.9%
4.1
dBi/
70.2%
Fig. 12 Effect of asymmetric stubs on the antenna’s reﬂection-coefﬁcient
response. Black-line for d = 0 (antenna-E); red-line for Δ = 2.5 mm; and
blue-line for Δ= 5 mm. Increase in Δ slightly improves the antenna’s
impedance match and marginally reduces the stopbands
Table 4 Optimal antenna dimensions (note, units in millimetres, and
parameters: L6, L9 and W6 in this table are represented by variables LS,
WS and d, respectively)
L1 L2 L3 L4 L5 L6 L7 L8 L9 L10
36 7 0.65 2.5 10.1 9 3 4.8 0.6 1.9
L11 L12 W1 W2 W3 W4 W5 W6 W7 W8
0.9 0.9 30 26 5 4 5 5 7 3
W9 FR4 substrate with thickness of 1.6 mm
ground-plane size: 7 × 7 mm2, 0.016l0 × 0.016l0 at 0.7 GHz
antenna size: 35 × 26 mm2, 0.081l0 × 0.06l0 at 0.7 GHz
0.55The antenna meets multi-communications standards including L, S,
C and X bands for GSM, DCS, PCS, Bluetooth, WLAN, WiMAX
and WiFi applications. Slits in the U-shaped strips are shown to
excite additional resonant bands. The proposed structure reduces478stopbands and improves the antenna’s impedance matching
performance. The antenna exhibits good return-loss, gain and
radiation patterns, which makes it an excellent candidate for
multiband and broadband communication applications.6 References
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